1. Although biotic legacies of past agricultural practices are widespread and increasing in contemporary ecosystems, our understanding of the mechanisms driving such legacies is still poor. Forest understories on former agricultural land show low frequencies and abundance of typical woodland species when compared with ancient forests. 2. These community shifts have been ascribed to the effects of dispersal limitation. A rarely considered mechanism is that post-dispersal processes driven by plant-associated communities determine the poor performance and recruitment of woodland indicators. Given the strong alterations in soil conditions due to former agricultural practices, we hypothesized that (abiotic) plant-soil feedbacks could be a major factor in community shifts. 3. We addressed this hypothesis by comparing plant-associated communities in the soil and above the ground in ancient and post-agricultural alluvial forests; then, we experimentally tested whether the changes in biotic and abiotic soil properties could affect above-ground herbivore abundance and pressure and plant performance. 4. Ancient and post-agricultural communities clearly differed in composition at different levels of the food web. Besides the plant community, we also observed the differences in the microbial and nematode community with increased abundance of root-feeding nematodes in postagricultural soils. The composition of the above-ground invertebrate community did not differ in ancient and post-agricultural forest parcels; however, plants growing in post-agricultural sites showed higher abundance of invertebrate herbivores and suffered more herbivory. Nutrient analyses of soil and plants showed that increased levels of phosphorus (and to a lesser extent, nitrogen) made plants more nutritious for insect herbivores. Laboratory experiments further pointed to this mechanism as an explanation of the poorer performance of woodland indicators in post-agricultural woodlands. 5. Our results point to biotic and abiotic plant-soil feedbacks coupled with herbivory as a new mechanism to explain the legacy effects in temperate forests. The modification of the belowground community and soil abiotic characteristics by previous agricultural activity affects not only the plant growth but also the plant nutrient content in the compared understorey species, making them more susceptible to above-ground herbivory. Our results provide one of the first examples of integrating plant-soil feedback and above-and below-ground interactions to explain land-use legacies.
Introduction
Past human activities such as agricultural practices have a deep impact on the composition and functioning of presentday terrestrial ecosystems (Foster et al. 2003) . In this context, understanding how land-use history shapes the diversity and composition of current and future ecosystems is essential in enabling adequate management and restoration of degraded natural communities and landscapes (Cramer, Hobbs & Standish 2008; MacDonald, Bennett & Taranu 2012) . Paradoxically, although land-use changes are widespread in contemporary ecosystems, our understanding of the mechanisms governing these legacies is still poor.
In the last 20 years, a considerable effort has been devoted to understanding agricultural legacies by comparing plant communities in post-agricultural and ancient forests (i.e. forests with no or negligible former agricultural use, usually relative to a region-specific threshold date) and by identifying the mechanisms driving post-agricultural community shifts. Diversity studies have mostly shown contrasting plant community compositions in post-agricultural and ancient understories, and previous land use, the 'eco-historical background' of these sites, determines the contemporary patterns of species occurrence Fraterrigo et al. 2005; Verheyen et al. 2006) . Moreover, diversity studies show that a common feature of post-agricultural sites is the absence or low frequency of woodland indicators, that is species that characterize the understorey of ancient forests, relative to ancient forests that have been forested for centuries ). The mechanisms driving such shifts in community composition are only partially understood and are probably due to several underlying processes. The absence of a seed bank, together with limited seed production and dispersal, results in the contrasting understories in post-agricultural and ancient forest parcels (Bellemare, Motzkin & Foster 2002; Hewitt & Kellman 2004) . Low frequencies of woodland indicators are also attributed to the disturbances in abiotic soil conditions originating from agriculture, for example changes in pH and increased amounts of nitrogen and phosphorus, which render sites unsuitable for many understorey species and enable the establishment and dominance of competitive (sensu Grime) species (Hewitt & Kellman 2004; Baeten et al. 2010) . In this situation, post-agricultural forests tend to be dominated by herbaceous species that further out-compete typical ancient understorey species (Foster, Motzkin & Slater 1998; Fraterrigo, Pearson & Turner 2009; De Frenne et al. 2011) . Nonetheless, the fact that even after human-assisted reintroduction, woodland indicators show low fitness and recruitment rates points to other mechanisms (Jacquemyn & Brys 2008; De Keersmaeker et al. 2014) . Several authors have already suggested that other functional and taxonomical groups associated with the plant community play a pivotal role in post-agricultural forests (Flinn, Vellend & Marks 2005; Lau et al. 2008) . Studying other groups associated with plants, in the soil and above the ground, therefore seems necessary to understanding plant community dynamics (Kardol & Wardle 2010) .
The now widely accepted plant-soil feedback hypothesis states that legacies of past plant growth, in the form of specific soil communities (bacterial, fungal, nematode) or nutrient availability, can provide a selective advantage to one plant species over another (Bever 2003) . Accordingly, plant-soil feedback, at different spatial and time-scales, influences not only individual plant traits but also competition between plant species (Reynolds et al. 2003; Kardol & Wardle 2010; de la Peña & Bonte 2011) . Moreover, recent work has shown that plant-soil feedback effects can change the performance of above-ground herbivores feeding on those plants and other trophic groups (Kostenko et al. 2012; de la Peña & Bonte 2014; Kos et al. 2015) . The mechanisms behind such above-and below-ground feedback vary, but the modification of plant biomass and/or nutrient content (e.g. carbon : nitrogen ratios, available nitrogen) is widespread (Wardle et al. 2004; Erwin, Geber & Agrawal 2013; Kos et al. 2015) . Interestingly, changes in soil composition and soil nutrients are common in postagricultural sites and are known to affect the trajectories of succession (De Deyn et al. 2003; Kardol et al. 2005) . Therefore, land-use legacies in forests may be understood in a plant-soil feedback framework.
Plant-herbivore interactions (above-and below-ground) are pivotal for plant community structure and dynamics, but whether they determine community composition in post-agricultural forests has scarcely been considered. In particular, whether above-ground invertebrate herbivores affect the long-term establishment of woodland indicators remains unresolved (Hamilton et al. 2004; McEuen & Curran 2006) . This is of special relevance as the variation in plant nutrient content, due to differing soil conditions, may affect herbivore host plant preference and behaviour (e.g. feeding or oviposition) (Hartley & Gange 2009; Carmona, Lajeunesse & Johnson 2011) . The consequences of such variations from a community perspective can be attributed to the differential preference of insect herbivores and the impact of herbivory on plants. Based on these variations, herbivores can influence plant species performance by feeding preferably on certain plant species or individuals within a population, consequently affecting the composition of the community (McEuen & Curran 2006) .
Lastly, herbivory can also occur below the ground (e.g. by beetle grubs, wire worms and root-feeding nematodes); however, the role of root herbivory in plant species recruitment in post-agricultural vs. ancient forests still remains largely unexplored. From the previous work in grasslands, we know that agricultural legacies affect the abundance of root-feeding nematodes in soil (De Deyn et al. 2003 ) and this in turn may affect the trajectories of secondary succession. Consequently, to address whether plant-soil feedback and plant-herbivore interactions could be driving land-use legacies in post-agricultural forests, it is also necessary to characterize root-feeding communities in ancient and postagricultural forests.
This study covers two aspects essential to understanding land-use legacies in woodlands. First, we compared the community composition of various taxonomic and functional groups in ancient and post-agricultural forests that previously have been little explored. We focused on communities associated with understorey plants at different trophic levels that can presumably alter plant performance. Therefore, we compared the microbial and (root-feeding) nematode community in the soil and the invertebrate herbivorous community above the ground. Secondly, by means of field and glasshouse experiments, we explored the consequences of differences in abiotic and biotic soil factors for plant species representative of ancient and post-agricultural forest understories and the interaction of those plant species with insect herbivores. We took a novel, integrative approach by hypothesizing that the herbivore community associated with plants limits the performance of typical woodland indicators and that these interactions are dependent on (a)biotic plantsoil feedback resulting from the former land use.
Materials and methods
To understand the mechanisms driving land-use legacies in forests, we combined (i) an observational study to characterize the microbial, the nematode and the above-ground invertebrate communities combined with an analysis of soil nutrients, (ii) a field experiment to assess herbivore abundance and the impact of herbivory on representative species of the understorey and (iii) a set of laboratory experiments to explore how soil conditions in ancient and post-agricultural sites affect the plant performance and plant interaction with different herbivorous insects.
The observational study was performed in three alluvial forests in Belgium, the Aelmoeseneie Forest, Doode Bemde and the Muizen Forest (Fig. 1 , Table S1 , for a detailed description of the sites, see Supporting information). We focused on alluvial forests for three reasons. First, they are of particular conservation concern from an EU perspective as they host unique understorey flora (De Keersmaeker et al. 2014) . Secondly, by focusing on only one type of forest, we can avoid cofounding effects due to dissimilarity in soil types and overstorey composition. The tree layer in the selected study sites is similar in post-agricultural and ancient forests; consequently, the differences in the outcome of the observational study can be ascribed mainly to the land-use legacies. Thirdly, all the sites are well documented in terms of the land-use record and vegetation (Verheyen et al. 1999) .
S A M P L I N G
At each forest site, we selected three ancient and three post-agricultural parcels. Parcels selected across land uses were managed under similar regimes and showed similar tree ages. For the observational study, we used nine parcels per type of land use (Table S1 , Fig. S1 ). We studied both the abiotic and the biotic characteristics of these 18 parcels. In each parcel, we marked a 25 9 25 m plot. Within each plot, we marked five areas and took a composite sample from each by mixing 15-20 soil cores of c. 10 cm 3 each, resulting in five soil samples per plot. Because we were interested in the characteristics of the rhizospheric soil rather than of the litter layer, we removed the latter before collecting the soil samples. Therefore, our samples correspond with soil between 5 and 15 cm below-ground level. Samples were taken in October 2010 (autumn), April 2011 (spring) and July 2011 (summer). For comparisons of abiotic factors and the microbial community, we used the samples collected in autumn. For the characterization of the nematode community, we used the samples collected in autumn, spring and summer to cover the variations over the course of the understorey's growth season.
S O I L A N A L Y S I S
For each soil fraction used for analysis (c. 150 g), root fragments and other debris were removed manually. Soil was dried for 48 h at 40°C before sieving over a 1-mm mesh; pH-KCl was measured using a glass electrode (model 920A; Orion, Thermo Scientific Orion, Waltham, MA, USA) after extracting 14 mL of soil in a 70 mL KCl (1 M) solution. Carbon content was measured by carbon loss-on-ignition at 450°C. Total soil P concentration was determined according to the colorimetric malachite green procedure after acid wet digestion of 0Á2 g soil with HClO 4 /HNO 3 / H 2 SO 4 in Teflon pots at 150°C over the course of 4 h. As a measure of soil inorganic P availability, Olson-P values were determined by shaking 2 g dry soil for 30 min with 0Á5 M NaHCO 3 at pH 8Á5 and a subsequent colorimetric analysis of the extracts using the malachite green procedure. Exchangeable Al + , Ca 2+ and Mg + concentrations were determined by atomic absorption spectrometry after extracting 5 g of dry soil in 100 mL BaCl 2 (0Á1 M) (NEN 5738:1996) . Total N was measured by dry combustion at 850°C using an elemental analyser (Vario MAX CNS; Elementar Analysensysteme GmbH, Hanau, Germany).
For the characterization of the soil microbial community, we used a method that measures by spectrometric quantification the utilization by microbes of different carbon substrates in microtiter plates (EcoPlates Ò , Hayward, CA, USA), which is used as a proxy to assess the composition of the microbial community. This was measured on three of the five soil samples collected at each forest parcel. One gram of each soil sample was weighed and transferred into a sterile plastic 250-mL beaker, to which 100 mL of 0Á85% NaCl solution was added. The resulting suspension was thoroughly stirred and left for 3 h at room temperature. We transferred 3 mL of this solution into assay tubes containing 27 mL of 0Á85% NaCl solution. Then, 120 lL of this last soil solution was transferred to each of the 93 wells of the EcoPlates. Autoclaved distilled water was used as a control. The EcoPlates were kept in an incubator at 25°C in the dark, and the absorbance was measured every 24 h for a week. Colour development was measured by taking the difference in absorbance values at 590 and 720 nm using an automated plate reader (VMAX; Molecular Devices, Crawley, UK).
We measured the abundance and diversity of nematodes by extracting all nematodes from 100 cm 3 of soil by zonal centrifugation. After centrifugation, the nematodes were eluted in 140 mL of water with traces of MgSO 4 kaolin. The eluted suspension was left in the 150-mL collection beaker for 3 h, allowing the nematodes to settle to the bottom. Then, 120 mL of the supernatant was gently removed and the total number of nematodes left in the sample was counted using a dissecting microscope in a final volume of 20 mL. After counting, the nematodes were transferred to a 5 mL water suspension and fixed by adding 20 mL of 4% warm (95°C) formaldehyde. Then, 1 mL of the resulting suspension was mounted on large microscope glass slides (i.e. 10 9 7 cm). The first 100 nematodes encountered on each slide were identified to genus level following the identification keys of Bongers and Bongers (1988) , and functional group assignment was done following the classification proposed by Yeates et al. (1993) . The abundance (i.e. the number of nematodes of a given genus g À1 ) of each different genus for each sample was extrapolated from this subsample of 100 nematodes.
L A N D -U S E E F F E C T S O N U N D E R S T O R E Y V E G E T A T I O N
Two vegetation surveys (in March 2011 and July 2011) to characterize the understorey were conducted in the three sites. Additionally, in the Muizen Forest, 20 transects of 10 9 1 m (10 per land use) were also monitored to assess the plant community composition and its associated invertebrate community.
L A N D -U S E E F F E C T S O N T H E A B O V E -G R O U N D I N V E R T E B R A T E C O M M U N I T Y
The sampling survey occurred in only one of the sites (i.e. Muizen Forest) to take advantage of the fact that at this location a longterm reintroduction experiment was being conducted, which enabled comparing arthropod communities on the same plant species, but in stands with different former land uses. On these 20 transects, we collected invertebrates on plants with an aspirator and an insect net by manually inspecting plants. Sampling occurred between June and September of 2011, and each transect was sampled at least twice during this period.
A S S E S S M E N T O F A B O V E -G R O U N D I N V E R T E B R A T E A B U N D A N C E A N D H E R B I V O R Y
This assessment was a follow-up to an introduction experiment established in the Muizen Forest in 1999 (Baeten, Hermy & Verheyen 2009 ). The original experiment compared plant recruitment in ancient and post-agricultural forest stands (Verheyen & Hermy 2004; Baeten, Hermy & Verheyen 2009; ). We used this set-up to characterize the invertebrate community and to evaluate the effects of invertebrate herbivore pressure on those plants. We selected 30 individuals of four species: Geum urbanum and Primula elatior as species representative of ancient sites and Circaea lutetiana and Urtica dioica as species representative of post-agricultural sites (Taylor 2009 ). For each experimental plant, we measured the plant height and the number of stems and leaves and from June until late September sampled the associated invertebrate community as explained above. Herbivore impact was assessed on experimental plants by counting herbivory marks on leaves and by assigning an herbivory index to each plant (0 = no or negligible herbivory, <5% of leaf surface removed; 1 = moderate signs of herbivory, 5-30% of leaf surface removed; 2 = severe herbivory, 30-70% of leaf surface removed; and 3 = (almost) complete defoliation, 70-100% of leaf surface removed, Fig. S2 ).
A N A L Y S I S O F P L A N T N U T R I E N T S
Harvested plants of the reintroduction experiment, that is G. urbanum, C. lutetiana, P. elatior and U. dioica, were weighed after drying to constant weight at 70°C for 48 h. Phosphorus concentration was obtained after digesting 100 mg of the sample with 0Á4 mL HClO 4 (65%) and 2 mL HNO 3 (70%) in Teflon bombs for 4 h at 140°C. Phosphorus was measured colorimetrically according to the malachite green procedure. The concentration of N was measured by high-temperature combustion at 1150°C using an elemental analyser (Vario MACRO cube CNS; Elementar Analysensysteme GmbH).
P L A N T -S O I L E X P E R I M E N T S A S S E S S I N G T H E E F F E C T O F L A N D U S E O N P L A N T G R O W T H
We tested experimentally whether contrasting soil conditions resulting from previous land use affected the plant growth and growth trade-offs. For these experiments, two species characteristic of ancient and post-agricultural alluvial forests were selected: (i) Deschampsia cespitosa, a dominant species of ancient alluvial woodlands (Weeda et al. 1985; De Frenne et al. 2011) , and (ii) U. dioica, which thrives in post-agricultural sites (Taylor 2009 ).
Pots (1Á4 L) were filled with soil from ancient or post-agricultural forest stands from the Muizen Forest. Sterilized soil was obtained by autoclaving soil collected in the field (1Á2 atm for 2 h). To better replicate land use, we collected the soil from 10 different parcels, rendering the following design: 3 technical replicates 9 10 parcels 9 2 land-use classes (post-agricultural and ancient) 9 2 soil types (sterile and non-sterile) = 120 pots. The 10 parcels per land use included in this experiment comprised the three parcels sampled in the descriptive phase of the study and seven additional ones from each land-use class. Both species were directly germinated in experimental pots. For D. cespitosa, we sowed 20-30 seeds per pot, and after germination, we trimmed the number of seedlings per pot to 10. For U. dioica, the seeds were germinated in plastic incubators (17Á5 cm 9 13 cm 9 6 cm) filled with sterilized white river sand (AE2 cm thick) and moistened with demineralized water to soil saturation. Between 75 and 100 seeds were placed in the incubator. The seed containers were set under 36-watt lights, with a 16-h/8-h light/ dark photoperiod regime, at 23 AE 1°C and 35% relative humidity. After germination, one seedling was transplanted to each experimental plot. Experimental plants of both species were kept in a growth chamber with a 14-h/10-h light/dark regime and artificial illumination (250 mol m À ² h À1 ) at 22°C. Plants were watered every other day to soil saturation and maintained for 22 weeks before harvest. At harvest, above-ground plant biomass was measured. For U. dioica, the number of runners, their length and the number of produced flowers were noted to infer the potential growth trade-offs.
P L A N T -S O I L E X P E R I M E N T S A S S E S S I N G T H E E F F E C T O F L A N D U S E O N P L A N T -H E R B I V O R E I N T E R A C T I O N S
Lastly, we tested the effect of land use (i.e. ancient vs. post-agricultural) on herbivore abundance and impact (i.e. with the aphids Aphis urticate and Rhopalosiphum padi and the locust Schistocerca gregaria). Aphis urticata specimens were collected in the field (Muizen Forest) and used to set cultures on U. dioica plants that had been collected from the same locations. Rhopalosiphum padi were obtained from the collection of aphids of Rothamsted Research (UK), and permanent cultures were established on D. cespitosa plants collected in the field. For U. dioica, we compared the effect of land use on the feeding and multiplication of A. urticata. After 12 weeks of growth in glasshouse conditions, we set clip-cages (Fig. 2b ) in a subset (n = 26) of the experimental plants growing in non-sterile soil (13 plants per land-use class). Each clip-cage contained three aphids. We monitored aphid population growth for 5 weeks until aphid population numbers collapsed (i.e. reached zero aphids per plant).
For D. cespitosa, we prepared the experimental pots by filling 400-cm 3 pots with soil collected in the field. Seeds of D. cespitosa were germinated on plastic containers as explained above, and following germination, we transferred one seedling to each pot. After 4 weeks of growth in a growth chamber, we placed one adult of R. padi on each seedling. As a (partially) parthenogenetic viviparous species, adults yield juveniles; consequently, we could monitor the population build-up of the aphids on a weekly basis until the complete plant wilting or aphid population collapse.
We performed an additional experiment using the locust S. gregaria. The objective of this experiment was to determine the impact of herbivory on the plant according to soil provenance (i.e. ancient vs. post-agricultural). Pots were prepared as described earlier; after 8 weeks of plant growth, 12 locusts were released and allowed to feed freely on the experimental pots randomly distributed in a growth chamber. Afterwards, we assessed the herbivore impact on plants (herbivory index) and above-ground plant biomass.
S T A T I S T I C A L A N A L Y S I S
Differences in abiotic factors were assessed using general linear mixed models with land use (i.e. ancient vs. post-agricultural) as the fixed factor. Because parcels were sampled several times, date of collection was included as random factor. For non-normal distributed variables (i.e. the number of runners, the number of herbivore marks, the number of aphids, the maximum number of aphids), generalized linear models with Poisson or multinomial (herbivory index) error structures were implemented. When the random effects were included, the correct degrees of freedom were determined by applying a Satterthwaite approximation (Verbeke & Molenberghs 2009 ). Comparison of communities was made using non-dimensional scaling (NMDS) to detect the differential clustering according to land use; afterwards, differences were tested based on a multivariate permutational analysis of variation (PERMANOVA) after 1000 permutations. In all cases, comparisons were done by applying Euclidian and Bray-Curtis distances to test for differences in abundance and composition. General (generalized) linear models were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Community-wide comparisons by NMDS were done using the vegan package in R 3.0.2 (Oksanen et al. 2010) .
Results

S O I L A N A L Y S I S
Land use mainly had an effect on total and bioavailable phosphorus concentrations. Total phosphorus concentration in post-agricultural forests was at least twofold compared to ancient sites (F 1,94 = 146Á99, P ≤ 0Á0001, Table S2 ), and this contrast was stronger for bioavailable phosphorus (F 1,94 = 82Á88, P ≤ 0Á0001), with the values sevenfold higher than mean values in ancient sites. Total nitrogen concentrations did not differ significantly between the two land uses (F 1,94 = 0Á16, P = 0Á69, Table S2 ). Soil pH values (F 1,94 = 21Á64, P ≤ 0Á0001) and K concentration (F 1,94 = 12Á36, P ≤ 0Á0007) were significantly lower in postagricultural forests (Table S2) , with pH values slightly more acidic in post-agricultural sites (pH = 4Á5 vs. 5Á6); Ca 2+ concentrations showed lower mean values in post-agricultural sites (F 1,94 = 4Á40, P = 0Á038; Ca 2+ x = 2352 AE 1412 vs. 2945Á5 AE 1414). Other abiotic variables did not differ according to the land use (i.e. the percentage of soil carbon, Al concentration and Mg concentration) (F 1,94 = 8Á62, P = 0Á81). N : P ratio was clearly different in post-agricultural soils, with the values half those found in ancient soils (N : P ratio c. 7) (F 1,94 = 144Á78, P ≤ 0Á0001, Table S2 ). In contrast, C : N ratio did not differ according to the land use (F 1,94 = 0Á07, P = 0Á79, Table S2 ).
L A N D -U S E E F F E C T S O N T H E M I C R O B I A L S O I L C O M M U N I T Y
As both Euclidian and Bray-Curtis distances were used, the NMDS analysis shows the differences in both the composition and abundance of microbial functional groups able to use the different carbon sources of the EcoPlates (PERMANOVA F 1,18 = 3Á25, P = 0Á023, Fig. 2a) .
L A N D -U S E E F F E C T S O N T H E N E M A T O D E C O M M U N I T Y
Nematode composition and abundance were different across the two compared land uses. When all nematode taxa (and functional groups) are included in the analysis, only a residual compositional difference between the two land uses is observed (PERMANOVA F 1,54 = 2Á87, P = 0Á069 ,  Fig. 2b) ; however, these differences became prominent when comparisons were made with the functional groups separated (i.e. root-feeding nematodes, bacterivores, etc.) (Fig. S3a,b) . In particular, root-feeding nematodes and fungal feeders are the main functional groups responsible for the differences according to the land use. Post-agricultural soils show fewer fungal feeders, with abundance of half those present in ancient forest soils; for root-feeding nematodes, we found the opposite situation, with abundance twofold those of ancient soils, F 1,54 = 13Á39, P = 0Á0006 (Fig. S3c,d ).
L A N D -U S E E F F E C T S O N T H E U N D E R S T O R E Y V E G E T A T I O N
Plant community composition differed according to the land use. Contrasting compositions were observed at the plot level in the three study areas (PERMANOVA F 1,16 = 3Á09, P = 0Á002, Fig. 2c ) and were further confirmed by means of transect surveys in the Muizen Forest (F 1,18 = 5Á37, P = 0Á0004, Fig. 2d ). Observed differences are attributed primarily to the presence and abundance of woodland indicators in ancient sites ( Fig. S4 and data appendix for a full list of species in plots and along transects).
L A N D -U S E E F F E C T S O N T H E A B O V E -G R O U N D I N V E R T E B R A T E C O M M U N I T Y
The invertebrate community did not differ between landuse classes (F 1,43 = 0Á81, P = 0Á62, Fig. 2e ). The same taxa and functional groups were found in ancient and post-agricultural parcels along the sampled transects.
A S S E S S M E N T O F A B O V E -G R O U N D I N V E R T E B R A T E A B U N D A N C E A N D H E R B I V O R Y
However, the analysis of individual plants, that is C. lutetiana, G. urbanum, P. elatior and U. dioica, showed marked differences in herbivore abundance between forest types. Overall, we found more invertebrate herbivores on plants growing in post-agricultural forest parcels than in ancient forests. This pattern was consistent not only for insects (Fig. 3a) but also for snails (Fig. 3b) . The increased abundance of these groups on post-agricultural plants was also reflected in plant damage (herbivory index) (F 52,1 = 223Á9, P = 0Á0001, Fig. 3c,d ). Differences in herbivore abundance cannot be attributed to plant size because plant size did not differ across land uses for the four studied species (F 1,78 = 2Á15, P = 0Á14, Fig. 4a ).
A N A L Y S I S O F P L A N T N U T R I E N T S
Nutrient analysis of plants in the introduction experiment showed that P concentrations were much higher in postagricultural forest parcels; this pattern is consistent for all plant species (F 3,78 = 37Á07, P ≤ 0Á001, Fig. 4b ). For N concentrations, only C. lutetiana showed significantly higher nitrogen in post-agricultural parcels (F 1,18 = 10Á23, P ≤ 0Á005, Fig. 4c) . Consequently, for all species compared, there is a common pattern in N : P ratios, with values approximately double those found in plants growing in ancient forests (F 1,77 = 179Á69, P ≤ 0Á0001, Fig. 4d ).
P L A N T -S O I L E X P E R I M E N T S A S S E S S I N G T H E E F F E C T O F L A N D U S E O N P L A N T G R O W T H
Land use had a significant effect on the performance for both plant species. In the case of D. cespitosa, germination rate was higher in ancient woodland soils (F 1,116 = 320Á44, P = 0Á001, Fig. 5a ). For both land uses, soil sterilization had a positive effect on germination, with significantly higher germination in sterile soils, increasing germination success by c. 50% (Fig. 5a ). Plant biomass, regardless of land use, was higher in ancient forest soils than in postagricultural soils. However, for plant biomass, soil sterilization had contrasting outcomes between the two land uses (F 1,98Á3 = 9Á26, P = 0Á003, Fig. 5b ). While soil sterilization decreased plant growth in ancient soils, no effect of soil sterilization was observed in post-agricultural soil (Fig. 5b) . For U. dioica, plant biomass was also significantly higher in ancient forest soil than in post-agricultural soil (F 1,116 = 8Á33, P = 0Á0037, Fig. 6a ). Soil sterilization had no significant effect on plant biomass. Similarly, no significant differences were observed in the number of runners Fig. 3 . Comparison of (a) invertebrate abundance, (b) snail abundance, (c) leaf herbivory and (d) herbivory index on Circaea lutetiana (Ci), Geum urbanum (Ge), Primula elatior (Pr) and Urtica dioica (Ur) growing in ancient (black bars) or postagricultural (white bars) forest parcels. All bars show mean AE SE; significant differences between land uses for each plant species are indicated with an *P ≤ 0Á05 or a $P ≤ 0Á06. across the two soil types (F 1,116 = 0Á38, P = 0Á53, Fig. 6b ). However, while almost all U. dioica plants growing in post-agricultural soil flowered, only 60% of experimental plants growing in ancient soils flowered (F 1,116 = 11Á05, P = 0Á0037, Fig. 6c ), pointing to a growth trade-off. Again, soil sterilization had no effect on this response.
P L A N T -S O I L E X P E R I M E N T S A S S E S S I N G T H E E F F E C T O F L A N D U S E O N P L A N T -H E R B I V O R E I N T E R A C T I O N S
The experiment comparing the performance of the aphid R. padi on D. cespitosa growing in different woodland soils showed that aphid multiplication was higher on plants growing in post-agricultural woodland soil (F 1,94 = 55Á72, P = 0Á0001, Fig. 7a ). In contrast, on U. dioica, the performance of A. urticata was higher on plants growing in ancient woodland soil (F 1,173 = 11Á99, P = 0Á007, Fig. 7b) .
Schistocerca gregaria fed preferably on D. cespitosa plants growing in post-agricultural woodland soil; therefore, plant biomass was significantly lower for those plants than in plants growing in ancient soil (Fig. 8a,b) .
Discussion
Legacy effects of past agricultural practices in presentday forests go beyond the plant community and have a complex nature as several trophic levels are affected. In this study, we show that land-use legacies are noticeable in abiotic soil characteristics, the microbial community, the microfauna (represented by the nematode community) and the plant community. In contrast, composition of the above-ground invertebrate community did not differ according to the previous land use. Nevertheless, understorey species in post-agricultural forests showed higher abundance of invertebrate herbivores and consequently greater herbivore pressure than in ancient sites. Analyses of soil nutrients revealed that post-agricultural stands are characterized by increased phosphorus levels (and to a lesser extent nitrogen), resulting in unbalanced plant N : P ratios. These results show that soil legacies of the previous land use not only affect the plant growth but also favour herbivore abundance and impact, which we propose as an additional and novel mechanism to explain the poor performance of forest indicators in post-agricultural forests. Moreover, our results provide one of the first examples of integrating plant-soil feedback and above-and below-ground interactions to explain the land-use legacies. Fig. 4 . Comparison of (a) plant length (cm), (b) total phosphorus, (c) total nitrogen and (d) N : P ratio for Circaea lutetiana (Ci), Geum urbanum (Ge), Primula elatior (Pr) and Urtica dioica (Ur) growing in ancient (black bars) or post-agricultural (white bars) forest parcels. All graphs show mean AE SE; significant differences between land uses are indicated with an asterisk (P ≤ 0Á05). Fig. 5 . Comparison of (a) the number of germinated seeds and (b) above-ground dry biomass (g) of Deschampsia cespitosa growing in sterilized (black bars) or non-sterilized (grey bars) soil in ancient and post-agricultural forest parcels. All graphs show mean AE SE; significant differences within land use are depicted with an asterisk (P ≤ 0Á05); different lower-case letters indicate the differences between land uses.
S O I L A B I O T I C F A C T O R S
Phosphorus is the nutrient most affected by land use. This is probably the result of past use of organic fertilizers for soil amelioration (Dambrine et al. 2007) . Soil pH and soil cations were also found to differ between the two land-use types, but these changes do not seem to be ecologically relevant as the values in post-agricultural sites still fall within the cation-exchange buffer range (Bowman et al. 2008) and no significant negative effects of pH on plant and soil communities are expected.
Nitrogen values did not differ between ancient and postagricultural sites; however, this does not mean that nitrogen is not important in the system, especially when P levels (and consequently N : P ratios) vary as observed here (De Schrijver et al. 2012 ). The relatively low N : P ratios in post-agricultural stands do not indicate N limitation, but rather a situation in which phosphorus and nitrogen are both in excess (Baeten et al. 2011) . Furthermore, the fact that C : N ratios did not differ from ancient soils points to phosphorus accumulation as the main abiotic factor resulting from land-use legacies. The increased P concentrations and altered N : P ratios in post-agricultural soils (also in planta) have important implications for ecosystem functioning. The composition of microbial communities involved in litter decomposition may depend on this N : P ratio, which, in turn, will affect the development of the understorey plant community in the long term (Gusewell 2004; Gilliam 2007) . Moreover, the excess of phosphorus and nitrogen in postagricultural soils will directly affect the plant composition because only a fraction of herbaceous species tolerate such soil conditions (Grime & Hunt 1975; Gusewell 2004; Taylor 2009; Wooliver et al. 2016 ).
S O I L C O M M U N I T Y S H I F T S
The microbial community appears to be represented by different functional groups. However, conclusions about microbial composition as determined using EcoPlates must be drawn with caution as this technique is not completely unbiased (Bissett et al. 2011; Muniz et al. 2014) . Moreover, niche overlap and the high levels of resilience of bacteria and fungi against disturbances make it difficult to infer processes occurring at the rhizosphere (Strickland & Rousk 2010) . Therefore, we compared nematode communities, as 6 . Comparison of (a) Above-ground dry biomass (g), (b) the number of runners (mean AE SE) and (c) flowering rate of Urtica dioica in sterilized (black bars) or non-sterilized (grey bars) soil in ancient and post-agricultural forest parcels. All graphs show mean AE SE; significant differences within land use are depicted with an asterisk (P ≤ 0Á05); different lower-case letters indicate differences between land uses. families/genera of nematodes can be separated into trophic groups (e.g. bacterivores, omnivores, root feeders) (Bongers & Bongers 1988; Kardol et al. 2005) . This analysis revealed that nematode taxonomical and functional composition differed according to the former land use. In our samples, the abundance of fungal feeders was lower in post-agricultural parcels than in ancient forest parcels. In contrast, the abundance of root feeders was higher in post-agricultural soil. These results are in accordance with previous studies on the former arable lands showing low densities of fungal-feeding nematodes at these sites (Helgason et al. 1998) . Narrow crop rotation schemes will favour nematode communities where root-feeding nematodes are well represented (Kardol, Bezemer & van der Putten 2006; Van der Putten et al. 2006) . Moreover, high levels of phosphorus available to plants due to past soil amendments are correlated with low percentages of mycorrhizal colonization in plants (Helgason et al. 1998; Villenave et al. 2001) negatively impacting fungal-feeding nematodes due to lower hyphae densities. Other phenomena may also contribute to this. For instance, U. dioica is known to inhibit the growth of mycorrhizal networks, and this species dominates our post-agricultural understories (Vierheilig et al. 1996; Taylor 2009 ). The impact on plants of these variations needs to be experimentally addressed, but increased densities of root-feeding nematodes after agricultural use have been reported to have important effects on secondary succession (De Deyn et al. 2003) . Results stemming from both our sampling survey and experiments strongly suggest that research in this direction is necessary to further explain the land-use legacies in forest understories.
C O M M U N I T Y S H I F T S A N D M E C H A N I S M S O F S O I L C O M M U N I T Y A S S E M B L Y
The combination of the observational study with the soilresponse experiments puts forward a likely scenario to explain the community shifts and the mechanisms of community assembly in post-agricultural forest soils. First, abiotic soil conditions resulting from previous agricultural activities are probably the root of the problem. Then, plant communities developed after agricultural practices will further create rhizospheric conditions and soil communities that hamper the establishment of the ancient plant community and that favour the dominance of early secondary species (Vierheilig et al. 1996; De Deyn et al. 2003; de la Peña et al. 2012) . As such, the community composition observed in post-agricultural forest soils cannot be assumed to be the result of dispersal limitation of the (ancient) soil community. Consequently, the differential composition in the soil community is hypothetically caused by niche selection due to abiotic and rhizospheric conditions created by secondary successional species rather than dispersal limitations of soil organisms. Given the short distance between the sampled parcels and the fact that alluvial woodlands flood regularly, long-distance dispersal of soil biota probably results in a frequent mix of soil organisms between adjacent sites.
P L A N T -S O I L F E E D B A C K
Plant-soil feedback, that is changes in soil properties caused by plants, which in turn influences their performance or that of their offspring, determines the development, structure and temporal dynamics of the plant community (Bever 2003; Yelenik & Levine 2011; terHorst & Zee 2016; van der Putten et al. 2016) . Surprisingly, although plant-soil feedback has received a considerable attention during the last two decades, its role in forest understorey dynamics has scarcely been considered (Bever 2003; Smith & Reynolds 2015) . In the light of previous research in grasslands, we hypothesized that the (a)biotic soil conditions resulting from the former agriculture in forests would affect not only plant performance but also other trophic groups associated with the plant community. By using two species representative of ancient and postagricultural forests and comparing their growth in sterilized and unsterilized soil, we addressed the net effect of the soil community on plant performance. In our case, soil sterilization of ancient forest soil had a negative effect on D. cespitosa, which shows that in these sites the soil community favours its growth. Moreover, the soil conditions from ancient sites (both sterilized and unsterilized) increased germination. Given our experimental set-up, it is difficult to know the mechanisms behind these responses, but observations in a previous study suggest that mycorrhizal symbiosis is essential for germination and the establishment of this species (Maes et al. 2014) . In contrast, for U. dioica, soil sterilization did not pose any effect, indicating that while this characteristic species of ancient forests depends on the soil community for optimal growth, the dominant species of post-agricultural understories does not. Moreover, flowering rates increased in post-agricultural soils without costs on the number of runners produced, which reveals a plastic response with consequences in its ability to compete (Taylor 2009 ).
The restoration of the former arable fields often considers, to favour the establishment of the targeted species, the introduction of plants together with their natural soil biota in undisturbed soils (Van der Putten 2003; Van de Voorde, van der Putten & Bezemer 2011) . This practice is due to the strong dependence of plants on their naturally associated soil communities. Our results suggest that woodland indicators in forest understories may show a comparable situation. Although the implications of these findings need to be further tested using classical plant-soil feedback, our results indicate that plant-soil feedback (both biotic and abiotic) has important consequences for forest understorey functioning and dynamics. Unquestionably, extrapolations to other members of the plant community should be done with extreme care. Species diversity in ancient woodlands is high, and thus, the patterns for the species used in our experiments should not be assumed for other members of the community; nonetheless, given that our selected species can dominate alluvial understories, our results suggest the importance of such feedback as a driving mechanism in understorey dynamics.
The absence of a seed bank in combination with dispersal limitation accounts for the absence and the low densities of woodland indicators in post-agricultural woodlands Cramer, Hobbs & Standish 2008) . The modification of optimal ecological niches due to the changes in abiotic conditions aggravates this problem (Fraterrigo, Turner & Pearson 2006) . Nonetheless, these factors do not completely explain this phenomenon. Assisted introduction of typical understorey species breaking dispersal limitation still results in low recruitment (Bellemare, Motzkin & Foster 2002; ). Therefore, several authors have suggested that species recruitment is hampered by the plant-associated community, in which invertebrate herbivores are an important component (Hewitt & Kellman 2004; Flinn, Vellend & Marks 2005) . However, little experimental evidence has been put forward thus far. From our results, it is clear that herbivore pressure and leaf herbivory play a significant role in this system. The observational study showed higher abundance of root feeders in post-agricultural sites.
Moreover, the introduction experiment proves that plants in post-agricultural forest parcels support greater abundance of above-ground invertebrate herbivores and suffer more herbivory than their counterparts in ancient sites. This hypothesis was further confirmed through glasshouse experiments using D. cespitosa and the insect herbivores S. gregaria and R. padi, wherein herbivory and aphid multiplication was higher on plants growing in post-agricultural soils. Comparison of communities by means of samplings along transects rendered similar communities. As invertebrate communities did not diverge (in terms of species composition) according to the previous land use, the increased abundance of insect herbivores on plants growing in post-agricultural parcels probably reflects a bottom-up regulation of the invertebrate community. Plant quality and nutrient abundance probably determine herbivore preference. Because plant size did not differ for the compared species, we attribute the differences to other plant characteristics. In particular, comparison of nutrient analysis of plants growing in post-agricultural and ancient parcels showed that phosphorus levels and N : P ratios were consistently different.
In general, it is assumed that phytophagous invertebrates prefer plants rich in nitrogen (White 1984) ; however, this preference hypothesis has been expanded to other primary metabolites (Vandegehuchte, de la Peña & Bonte 2010; Joern, Provin & Behmer 2012) . Phosphorus is a critical component. Following root uptake, P is metabolized by esterification with a carbon chain, for example sugar phosphates, thus becoming available to (insect) herbivores Joern, Provin & Behmer 2012) . Invertebrate herbivores show a finely regulated N : P homeostasis and are therefore sensitive to N : P imbalances (Carmona, Lajeunesse & Johnson 2011; Tao & Hunter 2012) . In fact, the variation in N : P plant ratios have been shown to drastically affect insect foraging behaviour and performance (Fagan et al. 2002; Tao & Hunter 2012) . In our case, analyses of soil and plants show that N : P ratios are particularly disturbed in post-agricultural forests. Although an experimental test linking phosphorous manipulations with herbivory is necessary to unequivocally link phosphorus and herbivory, the results of our introduction experiment and the glasshouse experiments indicate that plants in post-agricultural parcels show a higher nutritional value for the herbivores tested, as indicated by greater herbivore (aphid) multiplication.
Several authors have already shown that plant-soil feedbacks can be coupled to plant-herbivore interactions occurring above the ground (Kostenko et al. 2012; Kos et al. 2015 . Nonetheless, the relevance of such below-and above-ground interactions to understand the functioning of the plant community remains largely unexplored. This study shows a new mechanism to explain how soil legacies of previous agricultural activities impair the establishment of woodland indicators. Increased levels of soil nutrients result in plants suffering increased herbivore pressure and hence a poorer performance in post-agricultural sites.
Although we focused mainly on soil abiotic factors, our results point as well to the soil community as an important component in the functioning of the understorey. Therefore, it sets a framework for future work with biotic plantsoil feedbacks coupled with above-ground interactions. 
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